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The second sentence of the second paragraph of page 18  

should read as follows : 

"For the first, we get the curve of Fig. 3b, and for  the latter, 

we get a contribution. . . . . 
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INTI 1. - RODUCTION 

For inelastic processes a t  energies sufficiently above threshold, the 

peripheral model 
hti, Rbini ,  and S t a n g h e l W  developed the rmxltiperipheral model 2), 'which they 

were able to aolve in the a spp to t i c  region of very Ugh energies. The predictions 

of this model are in qualitative agreement with the available information fram the 

bi&est accelerator energies as w e l l  as cosmic ray energies. 

appears to  be a useful description. Elaborating on this, 

The double-peripheral model is the multiperipheral model, specialimd 

This is indicated by the graphs 

The "ode r  of peripheralism" equals the number of virtual mesons i n  
Among the v i r t u a l  mesons, we shall allow not only pions, but also 

to the exchange of exactly two virtual mesons. 

of Ego 1. 

the graph. 

resonances like 9 m d C 3 ,  and also the tvvacuum (Pomeranchuk) trajectorg". 

The outgoing particles i n  Fig, 1 

resonances and wen more general groups of particles. 

that the vlinvariant mass" of each group should be low enough t o  exclude addit ional 

peripheral structure within the group, since such interactions are in.fact take 

care of by a multiperipheral graph of the next higher order. 

need not be stable, but may be 

The only restriction is 

The double-peripheral graphs are calculated from Fegnmants M e a ,  the 

main additional feature being *'form factorsvv of the momentum transfers. 

section 2 we discuss our choice of fonn factors and coupling constants. 

section 3 we  develop the detailed expressions for  the matrix elmenta and cross- 

sections fo r  the following reactions : 

In 
In 

n-tp - z-+rL"+p 
n - + p  - n - t n + + q ,  
a-+ p -7 n;-+ No+ p (3) 

Section 4 containa a comparison of our principal results with available experimental 

data on reactions (1) and (2), whereas fo r  reactions (3) and (4), we restrict our 
discussion to  qualitative remarlss. 
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2. 

2. 
* -  

FORM FACTORS AND COUPLING CONS- 

Our double-peripheral graphs are calculated in lowest order perturbation 

theory, according to Feynman's rules, with real coupling constants at the verticw. 

'pwo additional u e s  appear to be necessary, however, 

(I) &oh m e g a  propagstor inaludee a "universal form factor" F(t), whiah ie 
taken ae 

(ii) whenever possible, a ttvacuum state" is admitted among the virtual particles, 
with a "propagator" 

. a .  

Let ua first discuss *e ( i ) .  

fo r  both pion 

it is possible that t h ~  pion form factor drops off somewhat faster  than (5) at 
small.values of -t, 
our quantitative ca lc~la t ions  (cf. section 4) for  reactions (I) and (2). 

The form factor (5) hns been found t o  be useful 

vector meson exchange i n  several K+p interactions 3). while 

such a difference would have l i t t l e ,  if' any, influence on 

The fom factor is understood to be normdlized to 1 a t  the particle pole. 
2 

Thua fo r  pions, F(0) = o '2*5f = 0.954. For heavier particles, with mass m, 

2*w2, since we shall still require F(m ) = 1, but not necessarily F(0) = e- 

the exponential behaviour is in fact  a rough estimate f o r  small negative values 

of t, 
the physical region. 

2 

rather than a precision f i t  which could be extrapolated far away from 

R U I . ~  (ii) is adopted to represent the effects,of diffraction scattering, 

implying a large baginmy amplitudo a t  anall angles. 
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* 3 e s  . 
, 

Again, the specific form (6) is more a guess than a proven statement, 

the exponeat being borrowed from (5) and the purely real form (leading to a purely 

imaginary amplitude) being the simplest possible choice. 

e 

One more copppBpt about the form factor. In a field theoretical treataent# 

such a factor would arise frmn the vertex functions as w e l l  as from modifications 
of the gastiale pmp€#atora, 

For the single peripheral model, the l+.mivemalll form (5) implies that 

all three rUnctions entering (7) are independent of the type of particles (pions, 
nucleons, resonances) t h a t  participate. In  the double-peripheral model, there is 

always one vertex where two virtual mesons join. 

is a f'unction of two momentum transfers, and the form (5) is possible only if. 

The corresponding vertex fuuctfon 

A comparison of t distributions for different values of t' would pmvide a 
direct test of (8). 

In section 4 we shall use the following coupling constants : 

(corresponding to a p decay width of one pion mass), and 

r 2  

Lzx 
when the vertex is taken in t h e  form 
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"he value found by Scotti and Wong 5), taking 7@(t) = 1,  is 

- 
4n 

c -c 

Our value of the effective atrangth will 80me BB an order of magnitude eskimte 

only. 
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5 .  

All. reactions discussed are of the form 

where we always have an incident proton and pion, 

nucleon (either proton or neutron), and A and B represent two outgoing bosons. 
We shall use the sane symbols for  the associated fowmomenta, except for the 

incident pion which has four-momentum denoted by K. 

AB system, these quantities have the following components 

P' represents the outgoing 

In the c.m. frame of the 

The(do;ble=peripheral grap&3prresponding -- -l jd$& are of the two types 

appearing in Fig. 2, where X, X X2 represent the exchanged objects. The 
associated four-momentum transfers are respectively 

1 '  

4 '= P - P '  

AQ = K -  A 

A , = K - B  
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6. 

Note also that the bracket (X, X.) iden-ifies the graph for a particular c b e l .  

We shall use it as a reference sgmbol. 
3 

We eanploy the same metric as Jauch and Rohrlich 'I. Our matrix element 

is Lorentz invariaat and is related t o  the non-invariant Mfi (3) , for which Jauch 

and Rohrlich provide the recipe, by 

where denotes the sum over both ini t ia l  and final spins. 

There are i n  those channels nine final s ta te  momentum variables. We 

elfmirvlte four, namely Ea and & by energy-momentum conservation so that 
\ 

where p* is the -tude of the incident momentum i n  the incident over-all cam. 

systean, s = - (P+K)~, and s' = - (A+B>~. m e  p o ~  w e  8 and the azirmrthal 

!Fhua is the scattering angle between the incident pion and the outgoing boson 

y is the ~~eiman-yang angle 7) and we take y = $ ' d o n g ; t h e  A. Finally 
direction k x bat). 

are the ar@.es of in the AB coma systan with polar axis &. moJ 
'. 
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c 7. 

five final state variables, the azimuthal angle of the of the rancurung . .  
outgoing nucleon with respect t o  the incident proton in the ovelcall c.m. system 

is redundant. We choose s*, t = - a2, c o d x  and 
final s t a t e  variables, and therefore we transform 

, for  the independent T 

It follows that 

where the bar over the spin summed square of the matrix element denotes the  average 

over the Weiman-Yang angle y . The distributions in each one of the rmabhg 

variables, co&, st ,  

CERN. We give the co&j' d i s t r ibu t ions  fo r  reactions ( 1 )  and (2) i n  Fig. 3. 
t, were obtained by means of the 7090 computer a t  

We proceed with the discussion of the matrix element fo r  the reaction (1). 

Referring to  Fig. 2 with A aa the outgoing negatively charged pion, there are 
four contributing  graph^. These graphs are (zo, vac), (xo, y-1, (u, yo), 
(h, r), where vac denotes the vacuum exchange. Among these gmrpha, only the 

last two interfere. The correspbnding contributions to  Mfi are respectively 
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2 VAW where t = - A a p  tg = - A:, and e p  
sgmbol. 

at t = 0. 

is the Levi-Cevita alternating I 
The factor 8 ' /S0  in (15) is the spin factor of the vacuum trajectory 

When we square the amplitudes (15) and (16) and sum over all spinS, we 

obtain respectively 

and , . .  . .:. . 

. .  
In order to .discugs (17) and the other reactions it is convenient to introduce the 

symbols 

v =  P + p '  



We may now expess (17) in the more concise form 

Noting that A+B = K + 4  we obtain, with the aid of (21) 

when Q A  = Cj.p,, KrAvdv. In the AB con. systen, Q has the uomponents 
7c (0, k x d. R e c a l l i n g  that the !J!reiman-Yang angle assumes the value - 2 

along the direction k x 5 we have finally 
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30. *. 

We go on t o  the discussion of the matrix element f o r  reaction (2). 

The final nucleon is now a neutron and B is a positively charged pion. The only 

contributing graphs are (E', vac) and ( p, yo). These graph give precisely 

the same contributions aS the first two  graph^ of reaction (1 1, except for an midi- 

t iona l  factor in the matrix element, due to  the relation G . 

The result is 

= FGn. n+p 

'. ' I  

Before proceeding with the discussion of reactions (3) and (4), we discuss 

the polarization effects of vector meson pzhct ion .  

amplitudes are of the form 

The production and a'eciry 

' .  

. .  . .. 
' 

.. . 

where E (A) is the polar$zatiozi vector, and D 2 = 1. In the rest system of the 

decaying vector meson, DX has the components (0 ,  fi), where fi is a un i t  

, vector. In the case of p decay, fi is directed along the decay axis. In the 

case of LJ decay, fi is normal t o  the decay plane. 

whereby 

In either event D-A = 0, 

. .  
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11. I 

In the - A  rest  frame M p m * D ~  A = M *d and the distribution fo r  B is obtained -Prod 
by inserting M 
taking three times the average over the so l id  angle 

t o  
frame, and f3 and o( are the polar and azimuthal angles of fi with r e q a c t  

to &A. 

*fl f o r  Mfi i n  (14),-and the spin summation is replaced by 
( ; (3 ) of fi w i t h  respect 

The vector k is the momentum of the incident f pion in the A rest -A 

In terms of invariants 

Referring again t o  Fig. 2, for  the reaction (3) ,  A is the a. The 

contributing graphs are ( no, 7 -1, (no, yo), (bo, s-) and (Uo, vac). Only 

the first two graphs interfere, and we discuss these first. The corresponding 

matrix element is 

where 

Using energyLmomentum conservation we have 

8591 
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where Q. was previously defined fiollowing (23y. 
components of Q are  again simple, namely (0,  x A ), where A is 

the threeaector part of 

In the &) rest frame, the 

tL -A 
A i n  this system. we f i x  the co-ordinates so that O( 

a~~sumes the value $ i n  the direction k x A We also have the relation -B 7 4 '  

so that 

we next consider the contributions from the (h, p-1 graph, -els 

lengthy expressions. We find it convenient to  introduce a number of additional 

symbols to  shorten them. The first among these is L A  = A ~ R "  K", 
which in the lr3 rest frame has the components 

is the threeaector component of R above. Then we  have 
(0 ,  mb-% x kt),  where EA 
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. *13. 

~f we average over O( use (21 ), the relation 

, 

In (37) we have introduced ,the symbol 

and the W component of Wg = E T ~ p , ,  v V Y  A B i n  t h e r e s t  systemof -A 
the w The expression (37) displays the pure sin distribution contributed 

by this graph. We have from (32) the expression (g . x ’ d  )2 in tern 
2 (k x W ) . A +  

03 A -A 
of the AB c,m. variables. 
write this i n  the form 

The tem.not easily transformed is We 
- b  

Using (36) we get 
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and the remainder is 

After 8ome manipulations we obtain the result 

where 

We note that the coefficient of the c o s y  term in (41) is  always positive 

(t is negative). Upon taking the average over 9 we obtain finally 
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There appears to be no way to make this rather tedious expression much more 

transparent. 

spin. 

This is because both virtual mesom and the outgoing meson oarry 

For this reaction there remains only the graph (w, vac). Apart  from 

factors which require no further discussion, the spin summed square of the matrix 

element is proportional t o  

If M(03, vac) were considered alone, then due to the dominance of 

the relevant direction in  the A distribution X would be d o n g  the small  A 
average nucleon momentum. 

the angle f i  
However, for the other contribution previously discmsed, 

is more suitable. We average over o( and get 

Equation (45) exhibits the contribution to the p distribution from this graph, 

and is the only part containing terms other than pure sin . We now average 

We observe again, that the coef f ic ia t  of the cosy  term is never negative. 
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We consider finally the reaction (4). The particle A is a Po. The 

contributing graphs are ( pot ?La), (vac, KO), and (vac, yo). We state only 

the results I 

We note that the coefficient of COB y ie never negative and, that after taking 

the average over , the distribution is pure COB 
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4. 7 COIQmSON WITH EXPERIMENT 

In the present literature, few accurate experiments of the type we need, 

on inelastic n p  collisions'above 4 GeV/c are reported. In a large portion of 

a l l  events, the outgoing particles can be grouped into one resonance plus one 

particle, or  into two resonances. Such events are candidates for  the single- 

peripheral model. 

meson resonances appears to expand, thereby limiting the regions where +e double- 

With increasing experimental accuracy, the realm of the m u l t i -  

peripheral model might apply. 

background among the remaining events. In the distribution g, the backgrouna 

In addition, there appears to be a non-peripheral 

manifests i t s e l f  as a long tail to  the sharp peak near t = 0. 

A t  present, the best reactions for  the double-peripheral model are (1 ) 
and (2). !They have recently been &yzed at  4 GeV/c 8), in a way which is  suitable 

for comparison with the double-peripheral model. No x - N  resonances appear t o  
be present, and only even3;s With -t < 1 5 i 2  are taken. In order t o  exclude the 

observed f and fo resonances, we require sKK = s: > 1.175 Gel? fo r  

reaction ( l ) ,  and 8' => 1.9 Gel? for reaction (2). 

The resulting COB I.? distributions are shown i n  Fig. 3. In Fig. 3a, 

the theoretical curve is  normalized to the number of events i n  the forward and 

backward peaks. 

the theoretical curves, we first notice that the contribution of the 

graphs, E q .  (24), to  reaction ( 1 )  is 0.016 mb only (using the coupling constants 

of section 2). 

cos 8 = 0, with peaks a t  /cos $ I 
butes barely 1s to  the backward peak, and even less to the forward peak of 

Fig. 3a. We therefore omitted the # exchange altogether. 

The curve of Fig. Tb contains no free parameters. In discussing 

P' (0, 

The differential cross-section of these graphs is symmetric around 

0.'85. This mean? that bJ exchange contri- 

0 The forward peak i n  Fig, 3a is due to the ( n vac) axchange, 

E q .  (18). 

( 6 ) .  

Its shape 6eas  to substantiate our conjecture regarding'the exponential. 

From tho to ta l  number of eventa in the forward peak, we fib3 
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Graph (Po, 7-1 finally gives the smaller backward peak. Application 

of (19) to the wen* in that peak gives I?$ (0) = 0.18 (extrapolation of the 

expnantial l a w  (5) gives 4 (0) = exp(-51$) = 0.06). 

Having fixed our normalieation in reaction (1 ), we can compute both 

differential  and total cross-sections f o r  reaction (2). For the first,  we get a 

contribution of 0.10 mb from (n+, me)- anti 0,W mb f r o m  (T+, Po), summing 

up t o  0.14 mb, in good agrement with experiment. 

At 16 kV/c pion momentum ’), it has been suggested that  the (?+, vac) 

graph should explain the large forward peak of reaction (2). 

our analysis a t  4 GeV/c. 

the 

This is i n  accord with 

In  principle, we could apply our formulae to calculate 

exchange contribution a t  16 GeV/c. But i f  we regard our form factors 
(5) and (6) only as a first approximation which suppresses the energy dependence 10) 

such an extrapolation would exceed the scope of the model, 

Next, we  turn t o  reaotion (3), the cross-section for  which is obtained 

from Eqs. (331, (43), (46). &in, w e  have to omit from the experimental data 

a l l  events in which the final pion is in  resonance either with the final proton 
o r  with the W Unfortunately, due to the recently discovered r-b resonance 11 1 , 
only a few events remain. We therefore give just  the main qualitative results f 

(A) the cos 8 distribution exhibits peaks a t  forward and at  backward angles. 

This agrees with the available experimental data 12)* The forward peak i a  

(B) since the vacuum e m u  (w, vac) is the only one having cos*/3. tepa,  
all events a t  cos 8 > 0 should have a pur0 ei.n2P distribution. 

(C) f r o m  Eqs. (411, (46) it followa that the distribution in the Treiman-Yang 

w l e  is larger at I p = O  thanat y = K .  



' *. *r 19. 

Finally, fo r  reaction (4), the double-peripheral model predicts, besides the d 

peaking a t  small t, a cos 29 distribution with a forward peak, due to the 

graphs (vac, E - ) ,  ( , K-1, and ( po, W ), and a backward peak, due to  
J 

It is interesting to  notice that i n  the primitive formulation of the 

peripheral model, graph 

(a) pion diffraction dissociation (from the point of view of vacuum exchange), 

and (b) peripheral 

point of view of pion exchange). Such duplication does not occur i n  the double- 

peripheral model. 

(vac, E-) belonged to  two different pzocesses, namely 

, 

p production with off-shell Z-N scattering ( f r o m  the 
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Rimre 1 Peripheral grapha : 
(a) single peripheral, 

(b) double peripheral, 

(c) general multiperipheral. 

M a e  2 The two inequivalent graphs of the double-peripheral model. 
The letters denote the 4 momenta, the argummts r, X, Xi, X2 
denote the incident pion and exchanged particles respectively. 

F ime  3 Distribution i n  cos 8, the angle between incident and outgoing 

x- in the c.m. system of the final pions, for  7t-p collisions 

at  4 GeV/c, f o r  -t < 15p2 : 
(a) x - p  -n-7T02, for s8 35 1.175 Ge3, 
(b) n - p  +n+rr'h, for s) > 1.9 GeV 2 . 
a p r i m e n t a l  histogram from Ref. 8) 
Theoretical curves from double integration of R s .  (18) and (19)# 
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